The Intrinsic Method of Rating Piston Compressors by Scheel, L. F.
Purdue University
Purdue e-Pubs
International Compressor Engineering Conference School of Mechanical Engineering
1972
The Intrinsic Method of Rating Piston
Compressors
L. F. Scheel
Consultant for Gas Machinery
Follow this and additional works at: https://docs.lib.purdue.edu/icec
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at https://engineering.purdue.edu/
Herrick/Events/orderlit.html
Scheel, L. F., "The Intrinsic Method of Rating Piston Compressors" (1972). International Compressor Engineering Conference. Paper 20.
https://docs.lib.purdue.edu/icec/20
THE INTRINSIC METHOD OF RATING PISTON COMPRESSORS. 
Lyman F. Scheel, Fellow Member ASME 
Consultant & Author, GAS MACHINERY 
San Gabriel, Ca - 91775 
INTRODUCTION 
This article presents a comprehensive 
method of evaluating the "compression 
efficiency" of a piston gas compressor. 
The losses are rGlated to the maximum gas 
velocity through the valves. This valve 
v~locity is in turn related to the action 
of the piston and amplified by the ratio 
of the piston/valve area. The procedure 
produces the Mean valve resistance as a 
decimal fraction of the suction and the 
dischar~e system pressure. It also projects 
the ma~nitude of peak pressure pulses that 
is anticipated in each header system. 
The thesis of this article holds the piston 
sas compressor to be an adiabatic or 
isentropic process. When the head is de-
rived from the exponential "k" factor, the 
process is deemed to be adiabatic. The 
disc:1ar~e temperature relates to the 
visual header Rc and the <r exponent. 
'.'.'hen the process is evaluated in terms of 
enthalpy and entropy from !'1ollier Charts 
or Gas Tables, it is deemed to be an 
isentropic function. The latter must be 
reversible and the Chart and Tables are 
co~pletely reversible, hence the process 
must be ise~tropic. 
The applicant should not be concerned over 
these thcr:11odynamic terms. If there v;ere 
simpler words they would have been used. 
'l'he exar:1ple -~;iven in Table I illustrates 
that the most complex technique only 
rec:uires Rc raised to the (j power. This 
is a simple :;;anipulation on a lo:";-log slide 
rule. ~ith the event of a desk satellite 
comj,JUter just around the corner, it is 
possible to make a complete report concern-
in:; tl,e compressor sizin3 and rating in a 
~attar of two minutes, without the aid of a 
slide-rule or a stenographer. 
:, norraal adiabatic dischar:;e temperature 
si;nifies well seated valve elements and 
a ~ood rin3 se~l in the piston. It also 
indicdtes optir:tum compression per·.formance. 
Super-adiaba~ic temperatures indicate the 
ma:nitude of v&lve and ring leaka3e. It 
also indicates the de~ree of inefficiency. 
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RefGrences 1, 3, 4, ; and 7 contain dat~ 
which demonstrate that the temperature of 
,compression does relate to the ratio of 
compression (Rf:), using visual line connect-
ion pressures. This is true for ratios of 
comp:ession less than 4.5 RC. Greater comp-
resslon causes lower volumetric efficiencies 
which reduce the cylinder mass flow. The 
influence of the heat leak from the machin-
ery and the piping connection become mani-
fest ar;d the discharge temperatures are 
sub-adlabatic. 
P-V DIAGRAM 
Figure 1 sho~s typi?al pressure (ordinate)-
volume (absclssa) dlagram. The adiabatic 
or isentropic features are described as 
fo~lows. The compression line is AG. Above 
polnt G, the pressure continues to rise to 
point B, but the temperature does not rise 
beyond point G. This is an isothermal 
behavior caused by the escape of the cylin-
der !?as into the discharge line throu;:;h the 
openlng of the discharge valves. This flow 
peaks at condition B. This peak pulse 
(9dp) is the damaging surge which permeates 
the disch~rge piping system. The area of 
the cap-llke figure above the dischar~e 
0 
pressure represents the flow resistance of 
the valves and the cylinder channels. The 
average resistance is the quotient of the 
area.BCGB/GC and designated 8d. The dis-
charge valves are closed at point C. The 
interstitial residue is knov;n as the clear-
ance gas and is represented graphically as 
CP2. It expands isentropically to FPl 
recovering the energy represented by a~ea 
CEFC. The suction valve starts to open at 
point F. The flo\>r continues isothermally 
to point D where the suction valves are 
wide.open •. The cylinder filling operation 
contlnues Wlth reduced differential head 
until.the ?Ylinder pre~sure reaches point•A~ 
A~ thls polnt, the cyllnder and the suction, 
l1ne pressures are in equilibrium at a 
pressure of Pl. The slipper-like figure 
AFDA represents the energy spent in draw-
ing the gas into the cylinder. The heel of 
the slipper or point D represents the peak 
pulse (Ssp) which permeates the suction 
pi?ing s~stem. The average height of the 
Sllpper lS es. The peak suction pulse 8sp 
is usually twice the average pulse es.' The' 
·discharge p11lse is related to the suction 
pulse by the approximate relation 
9d:_:; ""' 4 8s/Rctk and ( l 
8s • (a*Ut2l m/Tl* 10t4 (2 
Anothnr factor which cvnfirms that.t.hhe 
piston compression ~s an adiabatic function . 
is demonstrated by a replot of the indicat-
or PV cloagram on log/log chart. Fis 2 is 
a replot of a piston-parallelograph (CROSBY) 
indicator card. The PV slope of the comp-
ression line AG is 1.28. This "k" value 
is the ratio of specific heats which is 
unique for each ·o;as. This would be typical 
for a "ret" natural gas. The adiabatic 
premise~that PlVltk • P2V21k. The front 
piece "JB 11 of the cap GBCG, declines away 
from the normal "k" slope. This is the 
result of the dischar~e valves opening. 
The temperature does not raise beyond 
point G. The pressure increase above P2 
is converted into velocity and head resist-
ances of the valve and channel system. This 
exemplifies an isothermal function, because 
this phase of the cycle is not reversible. 
The discharge continues until the piston 
reaches full extension at dead center 
position marked c. 
The return stroke of the piston is motivat-
ed by the kinetic ener~y of the rotating 
components and the ex~ansion of the clear-
ance bas. The slope (CD) should be, and 
usually is, the same slope as AG. There 
are a fevr instances where the ·cylinder 
jackets have been flushed with an abund-
ance of cold water, the steepi!less of the 
CF slope is slightly reduced from 1.2$ to 
1.255. This is equivalent to a 15 percent 
heat leak of the clearance gas to the 
coolant. There is no evidence of such heat 
leak from the compression cycle. A greater 
mass flow, a sreater piston speed and a 
less favorable heat transfer condition 
contribute to this fact. Ref 7. 
Table l ~ives the Input Data and a Piston 
Sizing Calculation Sheet for a typical 
application. The problem requires the 
selection of the cylinder bore sizing, a 
comprehensive compression efficiency and 
met!1od of correction, t:.he thrust and power 
evaluation. The data 0iven under the 
( T':JIN CYL) column is for the parallel 1$.5 
in. cylinders havin~ 10% C clearance and 
7.5 "a" Piston/Valve area. The mechanical 
loss is the equal to the SQR of the Gas hp 
per cyli"nder, which totals 55 hp in lieu 
of 44 used for the sin~le cylinder. The 
area of the tio,rin pistons is determined by 
taking half of the single cylinder area. 
Had the clearance been greater, the new Sv 
would have been lower and the bore some-
what larger. The method of cylinder load-
control is obvious from lines 1, 4 and 5. 
Fig 11, 12 and 13 are also useful for adjust 
~ng the cylinder load. Most cylinders are 
equipped with some means of addin~ supple-
mentary clearance. The constant"l~ in line 
5 is the proximate rod displacement. In the 
instance ot a small bore, high proBsure 
cylinders vrhich require a much lar::;er pist,m 
. rod the constant"lO"can be readily adjusted 
'to ~:lit. 
The niston thrust load for 2JOO hp cylinders 
is u~ually to 60,000 pounds or a piston rod 
tensile load of 10,000 psi. A sin~le_ 
cylinder 26.2 inches in diameter nearly 
doubles these two criteria. Two para:lel 
1$.5 inch cylinders satisfy the rod load 
requirements. The manufacturer stipu!ates 
the magnitude of these criteria. If the 
·rod capacity is fixed at 40,000 pounds, 
then a third parallel cylinder must be prov-
ided. 
Equations 1 and 2 are applied to lines 0 
and 10. The first comprehensive compress-
ion efficiency is 77% and requires 1944 Bhp 
or 20% more power than is required by the 
Twin cylinders. The significant difference 
bein~ the "a" ratio of 13 compared to the 
7. 5 Wa" ratio for the T1:JIN cylinders. 
Figures 4 through 9 show the influence of 
the "a11 ratios, the piston speed and the 
·mol \<rei~ht, on the In::.rinsic ''B" factors and 
the compression efficiency. The sif:;;nifi?-
ance of the mol weight is best revealed ~n 
Fig $. The influence of the piston speedand 
the. reciprocal of the MACH number, has a 
linear effect on the co~pression efficiency. 
This is shown in Fi~ 9. 
The synbols that are used in this article 
and not described in the ~omenclature, are 
,-iven belo11I. 11111 11 refers to the weL;ht of 
~as flow in pounds per minute, "Q"ref~rs to 
l'!Mscfd and Q2. is the acfm. The letters ':l4 
indicates the speed of rotation, rpm; R5 
indicates the piston rod diameter and R6 is 
the piston stroke in inches. vU"is a4* R6/ 
360, fps. Qd is the cylinder displ~ce~;nt 
.:1nd is a:pP,roximately equal to; 4.3 at2··~ . 
(fpm/$00}. The latter allows for t!:·.-· p1.svo,1 
speed. Ap, Ar, 11, L2 and Edy refer to the 
area of the piston and the piston load, the 
thrust load in pounds, rod tension in psi 




Fig.l Compressor indicator P-V diagram illustrat-
ing valve loss effect on power requirement. 
Visual R0 = P2/P1; Comprehensive R0 ~ P4/P3 = BR0 
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TABLE I 
INPUT DATA SHEET 
m ~ 25, k ~ 1.20, Pl ~ 100, P2 ~ 300 psia 
Vs = 2.23, 21 = 1.00, 22 ~ 1.00, Tl = 520 
W = 000 ppm, Q = 26.2, Q2 = 000, acfm, 
R4 = 337 rpm, R5 = 2.75 in., R6 16 in., 
C = 0 .10, "a" "' 13 , d "' 000 in. , Qd "'000 cfm 
Rc = 300, (]'"'"' 0.167, U "' 15.0 fps 
PISTON SIZING CALC SHEET 
l Ev ,::. 1.0 + C - 1.1 C*Rtl/k, Vol Eff 
2 \'l ,= l. 83 Q*m, Wt flow 
3 Q2,""'W* Vs, capacity 
4 Qd,~Q2/Ev, Displacement 
5 d = (Qd + 10)/(0.327*U) Cyl dia 
6 Ll = Ap (P2- Pl) - Ar (P2 - l5),Thrust 
7 L2 = L1/Ar, Tensile Load 
8 Correction, L2~10,000, Parallel Cyl 
9 9s = a~'Ut2 il'i /Tl':<(10)t4, valve loss 







Fig.5 compression efficiencies and R0 correction 11 B = { 1 + 8d) / ( 1 _ 8s J 










k ~ L 4{)' T ~ 1120. Note: Central vertical num 13 Correct ion' Edy ~ 0 • 9 Req B = 1.12 & "a" = 
bers on horizontal lines are compression efficien~ 14 H = ( Rct!J"' _ 1) 772. 5 /21 + 22) Tl/iii (1
1 
ft 
cies. 15 Ad hp = H* W/33,000, (Twin Cyl) 
1 ~ AIR 
16 Gas hp = Adhp = Adhp/Edy 1565 
17 Bhp = Gas hp + SQR (Gas hp) 1620 
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The principal reason for developing equa-
tions {1) and (~) was to establish the ratio of 
internal pressures actually experienced by the 
piston. To accomplish this, it is necessary to 
know the magnitude of the discharge valve loss to 
add to the visual discharge pressure, and the suc-
tion valve loss to subtract from the suction 
visual or stagnation pressure. 
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"Referring to Fig.l, it is a simple develop-











(P1 - P1es)., which reduces to (P2/P1 ) (1 + ed)/ 
( 1 - es) •.. The latter term had been defined as the 
intrinsic Rc correction factor "B." The tedious 
task of determining the 11 B11 factor can be elimi-
nated by applying Figs.4, 5, 6, and 7. These 
curves also show the strong influence that the mol 
w-eight, the "a" ratio, and the piston speed have 
upon the power requirement. The.decimal fraction 
of "B" is influenced slightly by changes in Rc 
values. The "B" factors for l. 5 Rc are not more 
than two percent larger than the "B" factor for 
3 R9 . The Rc effect can be negligible (1,11). 
The decimal portion of: the "B" factor can be 
extrapolated as shown in the following: 
a • (B-l)(a Ia> <• /m) (U /u)2 (520/T )+1 
:1: :1: :1: :1: • l< 
The suffix "x" represents the operation being 
changed. Fig.S shows the marked effect that five 
w-idely different gas densities have on the 11 B11 re-
sistance factor. 
The term compression efficiency has never 
had a precise definition. It was most generally 
understood to be the ratio of adiabatic power di-
vided by the actual power, exclusive of: the me-
chanical f:riction losses. The mathematical ex-
pression in equation {4) is the simplest form for 
giving the-compression efficiency. It can be 
stated as the line R~ less one, divided by the 
intrinsic ERg- less one, where 11 B11 is the algebrai.c 
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Fig.6 Compression.efficiencies and Rc correc~ion 
"B" factors for natural gas, iil"' 19, Rc ~ 3, t 0 ~ 
60 F, k s 1.255. 1" s 1310. Note: Central verti~ 
cal numbers on horizontal lines are compression 
efficiencies 
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Fig.S "B" correction factors for five gases hav-
ing wide variations in density. R0 = 3.0, t 0 ~ 
60 F, "a'' "' 10 for all cases, 
sum-of the.valve losses. The ratio of the spe-
cific "heats 11 k 11 as determined for the approximate 
mean temperature is entirely adequate for compres-
sor performance ratings. The accuracy of the 
variables concerned with the "B" factor charts are 
of greater consequences than a precise analysis 
and computer determinations of the mean "k" values. 
MECHANICAL EFFIClENCY 
The advent of the large integral gas engine 
and balanced opposed compressor frame introduced a 
95-percent mechanical efficiency in 1951. The 
average power carried in each cylinder of the 
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Fig.7 Compression efficiencies and Rc correction 
"B" factors for hydrogen mixture, iil" 6.5, t 0 " 
6o F, Rc "' 3, k " 1.37, 'T s 2350. Note: Central 
vertical numbers on horizontal lines are cornpres~ 
sian efficiencies 
0 1~7 0 12.S l;l,lll!i .,_ACI-4 
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Fig.9 Compression efficiency es a function of the 
average piston speed and valve velocity Mach num-
ber. Note: The decimal Mach number includes a 
1. s· ac~ration factor for central piston speed .<11 
early units was about 4o0 hp. Prior to this, the 
twin units carried about 100 hp per cylinder and 
the mechanical efficiency was well~established at 
90 percent. The tests reported in reference (~) 
showed a mechanic~l efficiency no less than 97.5 
percent. The S9!1. 'of these cylinder loads ap-
proximates the mechanical friction and gives sub-
stance to the mechanical efficiency equation 5. 
It is reasonable to expect the fric'tion to de-
crease on an incremental basis rather than follow 
a flat percentage. 
~LY~.VELOCITIE~ 
There is .ncr optimum valve velocitY. A valve ve-
locity of 8000 fpm may be satisfactory for air-
compressor service. Butane gas applied to the 
same machine could account for• an over-loaded 
driver. A light gas mixture of hydrogen in the 
same compressor would provoke excessive valve main-
tenance from the unloaded valve fluttering action. 
The valve velocity expressed as a Mach number has 
a more comprehensive significance. The Mach num-
ber is the decimal fraction of a given velocity as 
related to the sonic velocity of that gas. 
Sonic velocity CT) 224 (ktztrn) 0 •5 (18) 
The sonic velocity for 60 F air is 1120 fps, bu-
tane 695 fps, and hydrogen 6.5 mol weight mixture 
is 2350 fps. A valve velocity of 8000 fpm has an 
air Mach number of 0.119, 0.192 for butane, and 
0.057 for hydrogen. Resistances equivalent to· the 
8000-fpm air velocity would be realized at 4950 
fpm for butane and 16,800 fpm for the hydrogen 
mixture. 
Rather than debate ambiguous velocities, it 
is more prudent to evaluate the valve losses in 
terms of compression efficiency, which can be re-
duced to operating power costs. The horizontal 
iso-effics (line of constant efficiency) in Figs.4 
through 6 convey this information. Fig.9 resolves 
the same advice for any gas in terms of Mach n~~­
bers and average piston speeds. 
Modern process-type cylinders are usually 
provided with piston/valve "a" ratios of 8 to 12. 
Early 1930 models were equipped with "a" ratios 
of 20 and greater. An "a" ratio of 5 or less re-
quires a high-lift, poppet-type valve. A lift of 
0.080 ~n. is common for disk-type valves in 1000-
psig service. This lift may be reduced to 0.050. 
in. for light gases at 2000 psig and greater pres-
sures. When the mol weight is less than 10, a 
lift of 0.030 in. has demonstrated a reduction in 
valve maintenance without causing a power penalty. 
Lifts of 0.100 in. are common for 100 psig and 
lower pressures. Nylon poppet-type valves with 
0.250 lift have rendered excellent service at 
speeds of 6oo rpm in 1000-psig service. 
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e ~ valve loss, decimal fraction of 
system pressure 
A~ clearance-gas leakage factor, usually 
1.10 . 
6 - difference in psi, temp, or H 
~ = adiabatic exponent (k - 1)/k 
E = horsepower per million cubic feet 
(14.4 and 60 F) per day 
1: ~ horsepower per molal ppm 
I E = horsepower per ppm 
NOTE: The suffix 1 and s denotes the suction P, 
T, and Z condition. The suffix 2 and d denotes 
the discharge P, T, and Z condition. Other spe-
cial suffixes are described as applied. 
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POWER REQ.UIREHENT 
Fig.lO has been prepared for rapid 
calcula-
tior:. of the power requirement and c
ompression ef-
ficiency.. The following equation g
ives the adia-
batic horsepower per molal pound pe
r minute of 
throughput. 
24.) (R~- 1)/CT 
... ru-~~m,_ .. 
10 1.1 12 I! 14 
US IG 17 
• ~ • VALUE, RATIO CF SPECIFlC HEATS 
Fig.lO Adiabatic horsepower per mo
lal pound per 
minute flow at 60 F inlet. Note: Circl
ed numbers 
are visual ratio of compression 
·---------NOMENCLATURE-------------
--------------
a ~ piston/valve area ratio 





intrinsic R0 factor 
cylinder clearance, percentage 
flow, cubic feet per minute 
mean molal heat capacity, Btu per 
molal pound per deg F 
d ~ diameter of compressor cylinder
, in. 








velocity, feet per minute 
velocity, feet per second 
volumetric efficiency 
degree Fahrenheit 
g ~ acceleration of gravity, 32.2 
ft/sec/sec 
H enthalpy, Btu/lb 
k • ratin ct' specific heats at mean
 
temperature compression 
hp "' horsepower 
m ~ molecular weight of gas 
Mcfd thousand cubic feet per day 
MMscfd ~million standard (14.7 and
 60 F) 
cubic feet per day 
n effective polytropic specific h
~t 
ratio 
psi ~ pressur~. pounds per square in
ch 





Fig.12 Volumetric efficiency for d
ry natural gas, 
k ~ 1.28, n"' 1.25, A"' 1.1 
,Fig .13 Volumetric efficiency for L
PG and heavy 
hydrocarbon gases, k ~ 1.13, n ~ 1.
116, A~ 1.1 
ppm "' pounds per minute 
ppm/ill ~ molal pounds per minute 
pps - pounds per second 
P - pressure, psia 
rpm ~ revolutions per minute 
Rc - ratio of compression, P2/
P
1 
R universal gas constant, 15~5/m 
T absolute temperature, degrees 
u average piston speed, fps 
Vs specific volume, C.f/1b 
velad velocity head, v2/2g 
v- velocity, feet per second 
:X: unity ga~ constant as related 
adia!;Jatic head 
Z ~ gas compressibility factor 
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VOLUf,H 
as = 2 .4 f 41.. - u2 Jo-st....o = :z. a "' l'li' $p s 
~~ ~~ (J v ed = es'~c. ; 8d? ~ ~9.str;.c· j-B-= 1 + ed) (1- 9 1) 
COMPREHENSIVE R.( = .£P4 /p3 = B Pz/P1 = :SRc. 
T: l t DASH CURVES !llUSTR,,.\T~ THE OSCILlOSCOPE 
PRESSURE W ii.V fS TAK Ert AT TH £ C'tl!NPER, F'lf\ NG E 
FlGURtt" l COM.PRt'SSOR INDICATOR ?-V 
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FIG. 2 
COY~RESSOR INDICATOR P-V DIAGRAM PROJECTED 
ON LOG-LOG PAPER. The ratio of specific 
heats '1k'1 value of gas = Y/X = 2.4/l.S75= 
2.24/1.75 "' 1..2.$ for natural,~§.!. 
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